In previous cross-sectional and longitudinal population studies, we found that the slope of systolic pressure on age was steeper in postmenopausal than in premenopausal women. We hypothesised that this observation could be due to a specific effect of menopause on the elasticity of the large arteries. We investigated 315 randomly selected women, aged 30 to 70 years. Based on 5.2 years of follow-up, 166 women were premenopausal and 149 menopausal (44 reaching menopause and 105 postmenopausal). These women were matched on age and body mass index with 315 men. We used a walltracking ultrasound system to measure the diameter, compliance and distensibility of the brachial and the common carotid and femoral arteries as well as carotidfemoral pulse wave velocity. Pulse pressure was determined from 24-h blood pressure recordings. Both in menopausal women (r = 0.37; P Ͻ 0.001) and in matching male controls (r = 0.16; P = 0.04), pulse pressure widened with increasing age. The slope of the 24-h pulse pressure on age was steeper in menopausal women than in their premenopausal counterparts (0.428 vs −0.066 mm Hg per year; P = 0.003) and than in the male controls (0.428 vs 0.188 mm Hg per year; P = 0.06). After adjustment for age, 24-h mean pressure, body mass index, antihypertensive drug treatment, smoking and the use of oral contraceptives or hormonal replacement therapy, postmenopausal women showed a higher carotid-femoral pulse wave velocity (7.77 vs 6.71 m/s; P = 0.02) and had a slightly greater diameter of the common carotid artery (7.09 vs 6.79 mm; P = 0.07) than their premenopausal counterparts. After similar adjustments, menopausal class was not significantly associated with other vascular measurements in women or with any vascular measurement in control men. In conclusion, menopause per se may increase aortic stiffness. We hypothesise that this phenomenon may contribute to the rise in systolic pressure and pulse pressure in women beyond age 50 and, in turn, may lead to a slight dilatation of the common carotid artery.
Introduction
Systolic pressure rises with age at least until the eighth decade of life. 1 However, until 50 to 60 years, systolic pressure is on average lower in women than in men, whereas the opposite is observed in older subjects. 1 Diastolic pressure on the other hand increases in both sexes only until middle age and thereafter levels off or even slightly decreases. Thus, from 50 to 60 years onwards systolic pressure starts to rise and pulse pressure widens more rapidly in women than in men.
Whether menopause may accelerate the age-related increase in systolic pressure remains debated. 2 Most longitudinal surveys found that menopause is not associated with hypertension, while cross-sectional studies reported an elevated or unchanged blood pressure after menopause (for review, see reference 2). In a previous crosssectional population study, 3 we observed that systolic pressure rose 0.5 mm Hg per year more in women with natural or surgical menopause than in their premenopausal counterparts. In a subsequent longitudinal study, 4 we found that over 5.2 years (median) of follow-up systolic pressure did not change in women who stayed premenopausal (P = 0.71), but increased on average by 4 mm Hg in perimenopausal (P = 0.07) and postmenopausal (P = 0.01) women. Because similar changes were not observed for systolic pressure in men or for diastolic pressure in both sexes, 4 we hypothesised that in older women the increase in systolic pressure and the widening of pulse pressure could be potentiated via a specific effect of menopause on the elasticity of the large arteries. We invited the subjects enrolled in our longitudinal study 4 for an extensive evaluation of the structural and functional properties of their large arteries. 5 We report in this article our findings with regard to menopause.
Subjects and methods

Study population
The study subjects were residents of 10 geographically defined districts. Initially, the sample had been stratified by sex and age (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) 40 -59, у60 years), in an attempt to recruit the same number of subjects in each stratum. Households were identified from population registries as persons who shared the same address. A random sample of the households was then drawn from each district. All household members aged 20 years or more were eligible, but were not included if they had resided in the area for less than 8 years, if they were foreign nationals, or if the quota of their age-sex stratum had been fulfilled. At baseline (1985) (1986) (1987) (1988) (1989) , we invited 1419 subjects with a minimum age of 20 years, of whom 1107 (78%) took part. 3, 4 The participation rate was similar across the age strata. After excluding subjects who had died (n = 83) and those who were severely ill (n = 3) or had moved (n = 7), 1014 persons were eligible for a follow-up examination of whom, from 1991 to 1995, 823 (81%) participated. 4 We excluded 76 subjects because of missing conventional or ambulatory blood pressure measurements, leaving 386 women and 361 men for possible analysis. 4 In most populations, median age at menopause averages 50 years. 2 According to previous experience, 3 a 20-year age interval was deemed sufficient in terms of range and sample size to investigate the effects of menopause. Thus, 315 women from 30 to 70 years old at follow-up were included in the present analysis. As described previously, 4 these 315 women were matched on age and rank of body mass index at baseline with 315 men. These 630 subjects in whom at follow-up also the properties of the large arteries had been measured, constitute the study population for our article.
Measurements at follow-up
Trained nurses measured the participants' sitting blood pressure at home. 4 They determined systolic and phase V diastolic blood pressure five times consecutively to the nearest 2 mm Hg after the subjects had rested for 5 min. Within 1 week of the home visit the participants had their 24-h blood pressure measured with SpaceLabs 90202 monitors (Redmond, WA, USA), 6 programmed to obtain readings with an interval of 20 min from 8 am until 10 pm and every 45 min from 10 pm to 8 am. Standard cuffs had a 12 × 24 cm inflatable portion, but if upper arm girth exceeded 31 cm, larger cuffs with 15 × 35 cm bladders were employed. The same cuff size was used for all blood pressure measurements. The oscillometric SpaceLabs devices provided direct measurements of mean arterial pressure; pulse pressure was calculated as the difference between systolic and diastolic blood pressure.
A standardised questionnaire inquired into each person's medical and surgical history, smoking and drinking habits, intake of medications. We defined premenopause and postmenopause as an active menstrual cycle and continuous amenorrhea throughout follow-up. Women with periods at baseline but with amenorrhea at follow-up were classified as perimenopausal. Surgical menopause was diagnosed, if the menses had disappeared after bilateral oophorectomy. Follicle-stimulating hormone (FSH) was measured in the serum by an immunoradiometric assay.
After the participants had refrained from smoking and drinking alcohol or caffeine containing beverages for at least 3 h, and after they had rested for 15 min in the supine position, the same observer (J.J.H.-S.) measured the vascular characteristics of the brachial and the common carotid and femoral arteries. A wall-tracking ultrasound system allowed to determine the vessel diameter during diastole and its change during the cardiac cycle. 7, 8 Depending on the vascular territory, the intra-observer coefficients of variation varied from 2.1 to 3.3% for diameter and from 9.2 to 12.8% for the changes in diameter. 8 Simultaneously with the vascular measurements, blood pressure was recorded at 3-min intervals at the left upper arm with a semi-automated device (Dinamap 845, Applied Medical Research Corporation, Tampa, FL, USA). We extrapolated the local blood pressure in the common carotid and femoral arteries from the simultaneously measured brachial blood pressure by calibration of the arterial distension curves. 9, 10 We then calculated the compliance and distensibility coefficients as the absolute and relative changes during the cardiac cycle in the crosssectional area of the vessel per unit change in the local pulse pressure. 8 From the delay between the R-wave trigger of the electrocardiogram and the 10% level of the ascending limb of the distension waveform in the carotid and femoral arteries, the ultrasound system also computed the carotid-femoral transit time. 11, 12 From this interval and from the distance between the sternal notch and the site of the femoral measurements, 11, 12 the carotid-femoral pulse wave velocity was calculated as an estimate of aortic stiffness. 9 For statistical analysis, we averaged the vascular measurements over 15 cardiac cycles.
Statistical analysis
The FSH distribution was logarithmically transformed. For between-group comparisons we used Student's t-test, analysis of variance and the 2 statistic.
We compared menopausal groups only if the Pvalue in the analysis of variance was less than 0.15. The statistical methods also included single and multiple linear regression. Regression slopes were compared across groups using the single model approach. 13 Although we hypothesised that menopause would be associated with increased vascular stiffness, we used only two-sided tests.
Results
Characteristics of the subjects
The cohort had been followed for a median time of 5.2 years (range, 3.8-8.3 years) and included 166 premenopausal and 149 menopausal women. Of the latter group, 44 perimenopausal subjects had reached menopause during follow-up and 105 were postmenopausal since baseline. The sample did not include subjects with gross atherosclerotic disease. The systolic leg-to-arm blood pressure ratio measured with a Doppler technique in the supine position averaged (± s.d.) 1.11 ± 0.10 (range, 0.73-1.48) in women and 1.15 ± 0.74 (0.74 -1.59) in the control men. The serum FSH concentration (5th-95th percentile interval) in the premenopausal women was 5 (0-41) U/L; in the perimenopausal and postmenopausal groups, these levels were 64 (31-143) U/L and 57 (8-126) U/L, respectively (P Ͻ 0.001 vs premenopausal subjects). Peri-and postmenopausal women showed higher conventional and ambulatory blood pressures and were more obese and shorter than their premenopausal counterparts ( Table 1) ; for blood pressure and body height comparable trends were observed in the male controls.
Of the premenopausal women, 36 (22%) were on oral contraceptives. Hormonal replacement therapy was used by two (5%) perimenopausal and six (6%) postmenopausal women. In the peri-and postmenopausal groups, menopause had been surgically induced in five (11%) and 22 (21%) subjects, respectively. Of the pre-, peri-and postmenopausal women 12 (7.2%), eight (18.2%) and 41 (39.0%) were on antihypertensive drug treatment; among the control men, these numbers were 12 (7.2%), nine (20.5%) and 29 (27.6%), respectively. Less than 1% of all participants were on nitrates or coronary vasodilators.
Among women, the pre-, peri-and postmenopausal groups included 75 (45.2%), 12 (27.3%) and 16 (15.2%) smokers and 15 (9.0%), one (2.3%) and nine (8.6%) individuals who consumed alcohol. Among men these numbers were 67 (40.4%), 15 (34.1%) and 38 (36.2%) and 68 (41.0%), 13 (29.5%) and 24 (22.9%), respectively. Female and male smokers smoked 15 (median) gram tobacco per day (5th-95th percentile interval, 5-30 g/day). Among drinkers, alcohol consumption was similar in both sexes, averaging 15 (5-60) g/day).
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Vascular properties and menopause
In exploratory analyses we first plotted the mean 24h pulse pressure by menopausal class at follow-up and by fourths of the age distributions in women and men separately ( Figure 1 ). Single regression analysis showed that in premenopausal women the 24-h pulse pressure was not correlated with age (r = 0.07; P = 0.40), whereas in the corresponding male controls the latter association was negative (r = −0.30; P Ͻ 0.001) because of the age-related increase in the 24-h diastolic pressure. 4 In menopausal women (r = 0.37; P Ͻ 0.001) and matching male controls (r = 0.16; P = 0.04) pulse pressure widened with increasing age. The slope of the 24-h pulse pressure on age was steeper in the menopausal women than in their premenopausal counterparts (0.428 vs −0.066 mm Hg per year; P = 0.003) and than in the male controls (0.428 vs 0.188 mm Hg per year; P = 0.06).
Before any adjustment, the arterial diameters of the brachial and the common carotid and femoral arteries increased with menopause in women, while compliance and distensibility of the common carotid and femoral arteries decreased ( Table 2 ). In male controls comparable differences were observed but only for the carotid artery ( Table 2 ). In women and control men, the carotid-femoral pulse wave velocity rose across the menopausal strata.
After cumulative adjustment for age, 24-h mean pressure, body mass index, antihypertensive drug treatment, smoking and the use of oral contraceptives or hormonal replacement therapy (Table 3) , the carotid-femoral pulse wave velocity increased (P = 0.03) with menopause in women. A similar trend was noted for the diameter of the common carotid artery (P = 0.13). After adjustment for confounders ( Figure 2) , postmenopausal women showed a greater carotid-femoral pulse wave velocity (7.77 vs 6.71 m/s; P = 0.02) and had a slightly wider diameter of the common carotid artery (7.09 vs 6.79 mm; P = 0.07) than their premenopausal counterparts. With similar adjustments, menopause was no longer significantly associated with the other vascular measurements (Table 3 ). In control men, after adjustment for age, mean 24-h pressure, body mass index, antihypertensive drug treatment and smoking, there were no difference across the three control groups (Table 3 ).
Discussion
In previous cross-sectional 3 and longitudinal 4 population studies, we found that the slope of systolic blood pressure on age was steeper in postmenopausal than in premenopausal women. The present article builds on this experience 3, 4 and shows that after adjustment for age and other confounding factors, aortic pulse wave velocity was greater in postmenopausal women than in their premenopausal counterparts, whereas this observation could not be Values are means ± s.d. P values for the differences across three menopausal groups and three strata of male controls were derived by analysis of variance. reproduced in control men. It is plausible that menopause, by increasing the stiffness of the aorta, may contribute to the rise in systolic blood pressure and pulse pressure, which occurs in middle-aged and older women and which in turn may lead to a slight dilatation of the common carotid artery. A limitation of our study was its observational nature and the relatively small sample size. On the other hand, its population-based design increased its external validity. To the best of our knowledge, our study was among the first to ascertain the presence of menopause in a prospective manner. The same investigator performed all vascular measurements. Women were matched on age and rank of body mass index at baseline with men drawn from the same community. We used a conservative statistical approach by limiting the number of comparisons between the menopausal groups based on the P-values in the analysis of variance and by using two-sided tests.
Our present findings suggest that in women menopause is associated with a loss of aortic elasticity, over and above the effects of aging. In an earlier hospital-based cross-sectional; study, 14 women (n = 104) showed at the level of the common carotid artery increased and earlier arterial wave reflections than men (n = 119), because of their shorter body height and greater aortic tapering. In line with our findings, aortic pulse wave velocity rose with age in both sexes, but the increase was steeper in postmenopausal women than in age-matched men. 14 In premenopausal women greater distensibility of the brachial and femoral arteries partially compensated for the effects of shorter body height and enhanced aortic tapering, but after menopause this compensatory mechanism disappeared. 14 In the present population study, the analyses were adjusted for body mass index, hence for the inverse of body height (squared), but not for aortic tapering.
Several studies are in line with the present find- P values for the differences across three menopausal groups and three strata of male controls were derived by analysis of variance.
ings. Gangar et al 15 found that the pulsatility index of the internal carotid artery was inversely correlated with the time elapsed since the last menstrual bleeding and that oestrogen replacement therapy normalised the raised pulsatility index. 15 In the ascending aorta, Pines et al 16 demonstrated a gradual decline in Doppler-derived peak flow velocity, flow velocity integral and mean flow acceleration in women who went through menopause. In an earlier study 17 the same authors had shown that hormonal replacement therapy produced a significant improvement in these aortic flow measurements. Karpanou et al 18 noticed that in hypertensive women reaching natural menopause, compared with age-matched hypertensive controls, aortic root function abruptly deteriorated as evidenced by significant declines in the distensibility and the cross-sectional compliance and by a rise in the aortic stiffness index. 18 Other studies are in keeping with our findings, but did not correct for the level of blood pressure [19] [20] [21] or reported that withdrawal of hormonal replacement therapy for 4 weeks resulted in a decrease of systemic arterial compliance and an increase in pulse wave velocity in the femoralisdorsalis pedis region, but not in the aorto-femoral territory. 21 Recent studies using ambulatory monitoring [22] [23] [24] [25] [26] or automated blood pressure self-measurement 27 are Journal of Human Hypertension in agreement with the hypothesis that oestrogen deprivation, either at the onset of menstruation 27 or in non-substituted postmenopausal normotensive [23] [24] [25] or hypertensive 22 women, may increase blood pressure. Oestrogens change the loading conditions on the elastin or collagen fibres or alter the structure of the vessel wall. Experiments in laboratory animals proved that oestrogens dilate the large arteries. 28, 29 In peri-and postmenopausal women, [30] [31] [32] they widen the smaller resistance vessels 33 by mechanisms that include the protection of endothelial function, 31 the potentiation of nitric oxide release 30, 32 and the modulation of sympathetic reactivity. 24, 34 Oestrogens may also influence the viscoelastic properties of the arterial wall by changing the relative proportions of collagen and elastin, 35 by inhibition of smooth muscle cell proliferation, or by the prevention of atherosclerotic stiffening. 36 Menopause does not occur as a sudden event but as a continuous transition from a regular menstrual cycle to ovarian failure. 2 Thus, estrogen deficiency or hormonal replacement therapy may initially induce functional alterations, while structural vascular changes are more likely to contribute to long-term effects. For instance, Westendorp et al 37 observed lower distensibility of the common carotid artery in premenopausal women than in subjects examined after natural menopause. In 60 men, 90 postmeno- Values are least square means (± s.e.) adjusted for age, 24-h mean pressure, body mass index, intake of antihypertensive drugs, smoking and in women also for the use of oral contraceptives or hormonal replacement therapy. P values for the differences across three menopausal groups and three strata of male controls were derived by analysis of variance. For the number of subjects included in each statistic, see Table 2 .
Figure 2
Mean differences (s.e.) in the diameter of the common carotid artery (left) and in carotid-femoral pulse wave velocity (right) between premenopausal and postmenopausal women and between corresponding male controls. The differences (P-values given) were adjusted for age, 24-h mean pressure, body mass index, intake of antihypertensive drugs, smoking and in women also for the use of oral contraceptives or hormonal replacement therapy.
pausal women taking hormanal replacement therapy and 91 not taking such treatment, Liang et al 38 observed that long-term oestrogen therapy reduced carotid intima media thickness and that the agerelated increase in carotid stiffness was similar in men and postmenopausal women not taking hormonal replacement therapy, whereas it was lower in women on hormonal substitution therapy. Furthermore, Cohn et al 39 found in postmenopausal women with documented atherosclerosis, compared with healthy postmenopausal controls, that the oscillatory but not the capacitive systemic arterial compliance was reduced.
In conclusion, menopause per se may affect the stiffness of the aorta and the diameter of the common carotid artery. We hypothesise that oestrogen deficiency may contribute to the rise in systolic pressure and pulse pressure in women beyond age 50 and, in turn, may lead to a slight dilatation of the common carotid artery. Belgium) and Schwarz Pharma GmbH, Monheim, Germany. The survey would not have been possible without the support of the General Practitioners.
